Abstract -The field of microrobotics has vast applications including non-invasive surgery, targeted drug delivery, and telemetry. Many groups are developing or have developed magnetically based actuation methods for microrobotics. These magnetically based systems can potentially lead to undesirable effects on the human body. Acoustic control provides an interesting alternative to existing magnetic or electrostatic actuation in that acoustic signals include few harmful effects on the human subject. Furthermore, the use of acoustic signals allow for the possibility to leverage existing medical imaging technology. This paper describes an alternative method of actuation which utilizes double-jointed, flagella-like, flappers designed for whip-like, non-reciprocal motion. The flapper mechanism was investigated using COMSOL Multiphysics finite element software to determine eigenfrequencies. Flappers were then constructed from laser cut acrylic and styrene and joined with plastic cement. The flappers were excited to resonance and displayed behavior that was consistent with simulation. A 130 mm x 50 mm x 0.2 mm robot with the flapper tail was then constructed and tested in a tank containing water and an underwater speaker. The robot exhibited forward velocities as high as 2.5 mm/s as well as frequency selectivity, which could be exploited to achieve steering in the future by using multiple flappers with different resonance frequencies. This project lays the foundation for the development of an acoustically actuated microscale robot.
I. INTRODUCTION
With the end goal of medical applications such as noninvasive surgery and targeted drug delivery, an acoustically driven resonant structure is proposed for microrobotic propulsion. Many groups have developed microrobotic propulsion systems using electromagnetic power delivery systems [1] - [5] . Sonic and ultrasonic means of power delivery are an intriguing alternative because of their potential leverage of preexisting medical technology and greater safety. Denisov and Yeatmen have used ultrasonic energy transfer to microstructures with success [6] , and Wang et al. have demonstrated propulsion of metallic microrods with ultrasonic waves [7] .
A challenge with propulsion at the microscale is that this is a low Reynolds number environment; propulsion requires non-reciprocal motion from the robotic structure [8] ; thus, a "flapper" with multiple, flexible joints, has been designed to produce excitation modes that involve the necessary flagellalike bending for non-reciprocal motion.
II. DESIGN
A key issue in designing a swimming microrobot is its propulsion system. The Reynolds number, a measure of the effect of inertial forces over viscous forces, is used to classify the flow regime for different systems. It is given by:
Where ρ is the density, v is the velocity, L is the characteristic length of the object and µ is the dynamic viscosity. Microscale objects moving in water or similar fluids typically have very low Reynolds numbers, of the order of 0.1 or less.
For Re << 1, the characteristic fluid flow develops into Stokes' Flow, also called "creeping flow," due to the very slow nature of the fluid flow around the object. A comparable analogy to Stokes' Flow is for a human to attempt to swim through a pool of molasses. For such a low Reynolds Number, the inertial forces acting on the submerged object are essentially negligible. The drag force on a submerged object is proportional to its velocity, and furthermore, the object can only move by the action of external forces. This requires non-recipricol motion [8] to effect a forward velocity.
To achieve this, a two-jointed flapper ( Fig. 1 ) was designed in which one joint was designed to bend asymmetrically. This allows for the second mass and joint to bend in a manner similar to a whale or dolphin's "kick" at the bottom of their stroke, resulting in forward thrust for the entire structure. While the eventual goal is to scale the flapper down to microscale dimensions, initial prototyping was done at a larger scale to allow for rapid fabrication and testing. Table  I shows a comparison of Reynolds numbers for different scale sizes of robots submerged in different fluids. While the eventual goal for this work is a microscale robot that would operate in water, the use of more viscous fluids would allow for a milli-scale robot to operate in the same fluid regime. The proposed flapping structure was initially modeled with a lumped parameters model of three masses and two springs (functioning as flexible joints). A 3-D model was developed and implemented in COMSOL, and analyzed to determine the structure's natural frequencies and mode shapes. The results of the COMSOL model confirmed that the proposed model would be capable of achieving the necessary bending modes for non-reciprocal motion
III. FLAPPER FABRICATION AND TESTING PROCEDURE

A. Fabrication
The milliscale flapper was fabricated out of acrylic and styrene using a laser cutter. The fabrication process started with the styrene frame and acrylic "mass" sections being cut into specific designs with the laser cutter. The acrylic mass sections were then bonded to the styrene frame using plastic cement. The first flapper iteration (Fig. 2) consisted of a 45 mm x 15 mm x 0.2 mm cutout of styrene, with two 15 mm x 15 mm x 0.8 mm acrylic sections. The second flapper iteration (Fig. 3) was fabricated in the same manner as the first flapper design with an extra step to include the grooves added to achieve non-reciprocal modes. The 75 mm x 15 mm x 0.2 mm styrene frame and 15 mm x 15 mm x 0.8 mm acrylic sections were cut with the laser cutter and bonded using plastic cement. The grooves were then cut to a very fine precision and bonded to the flapper in the same manner. In order to determine the response of the flapper, the fiber optic sensor was calibrated so that the input signal could be swept over a range of frequencies and the sensor would subsequently measure the displacement of the unfixed end of the flapper using reflectance. One issue with the flappers was that the acrylic mass sections did not initially reflect enough light to obtain a good response signal with the fiber optic sensor. Thus, the flapper ends were coated with lustrous silver paint, as shown in Fig. 2 .
IV. FLAPPER RESULTS
Tests confirmed that the proposed flapper design's behavior matched COMSOL predictions of natural frequencies. Specifically, modes were witnessed at with spacing very close to the predicted values, as shown in Tables II and III. Table II describes the results for the singlejointed flapper and Table III Figures 5 and 6 show images of the flappers at their resonance modes as captured with the high-speed camera. These results established that the flapper mechanisms were behaving as expected. 
V. APPLICATION TO SWIMMING ROBOTS
A. Swimmer Design and Fabrication
Following confirmation of the expected and actual behavior of the flapper, a robot incorporating the doublejointed flapper was designed to facilitate propulsion while submerged. The swimming robot is shown in Fig. 7 . The robot was designed so that the large body section would allow for greater coupling to the acoustic field while also allowing for forward displacement in a fluid. The robot was modeled in COMSOL to determine a rough estimate of the resonance modes as well as its behavior over several periods of motion. It was fabricated in the same fashion as the flappers. 
B. Fluidic Environment Testing
Following modeling and fabrication, the robot was tested within a fluidic environment. Water was used for initial testing. The test setup involved a 16"x16"x10" tank surrounded by acoustic damping foam and filled with the desired test fluid, and a 30 W underwater speaker in the center of the tank (Fig. 8) . The input was controlled by an function generator and amplifier. In order to capture the motion of the robot, a camera was placed directly above the speaker. In order to constrain the vertical position of the robot, since neutral buoyancy was not attained in water, a horizontal track was set up using thin lines to support it above the speaker. Following successful video capture, the data was analyzed using MATLAB®. The images captured were processed frame by frame in order to track the centroid (Fig.  9) and orientation of the robot and thus, its movement over time. This analysis allowed for the calculation of the forward velocity of the robot through the fluid. 
C. Swim Test Results
The robot was observed to move forward at the resonance frequency for the flapper. VI. SUMMARY A method for acoustic actuation of a swimming robot utilizing non-reciprocal motion has been proposed. Nonreciprocally moving flappers were designed and tested. These flappers were attached to a robot body which was then tested in water. This robot displayed frequency-selective forward motion. Steering could be accomplished with this mechanism by incorporating multiple flappers tuned to different resonance frequencies.
To demonstrate that this mechanism will scale down the robot will be tested next in a high viscosity fluid so that the system's Reynolds number matches that of a microrobot operating in water.
